To further distinguish between the evolution laws, and to extend detailed studies of friction evolution to granular fault gouge, we have performed experiments involving true stationary contact.
Introduction
Studies of rock friction and their application to fault mechanics have given rise to several constitutive laws describing secondorder friction variations in terms of slip, sliding velocity, and state of the frictional shear zone [Dieterich, 1979; Ruina, 1983 , 1997] . Of these, the slip-rate and state-variable friction laws have been the most extensively studied and most widely used in theoretical models of earthquake rupture [see recent reviews by Marone, 1998a; Scholz, 1998 ].
However, in the context of these laws, there are two fundamentally different views of how frictional strengthening occurs. In one law, which we refer to as the Dieterich law, friction evolution proceeds with the time of stationary contact, whereas in the other, which we refer to as the Ruina law, slip is the fundamental requirement for friction evolution. Although the laws share certain features, they predict qualitatively different scaling relations and dynamic behavior in theoretical models of earthquake rupture [Rice, 1993; Perrin et al., 1995; Rice and Ben Zion, 1996] . Thus, a key issue for laboratory friction studies and their application to faulting is that of validating the constitutive laws for friction evolution and restrengthening under a range of conditions. The existing database on frictional healing and state evolution is dominated by studies involving the combined effects of quasistationary contact time and slip. In a few studies, Dieterich-type time dependent healing has been suggested to be dominant [Beeler et al., 1994 Marone, 1998b ] involve shear at a given load point velocity followed by "holds" initiated by setting the load point velocity to zero. We show data from such experiments performed on granular quartz gouge with initial grain size 50-150 I. tm and layer thickness of 2.1 mm (Figure 1 ; Marone, 1998b) . The layers were sheared between granite forcing blocks at room temperature and humidity, and with a constant normal stress of 25 MPa. During a hold, friction decays owing to creep and elastic interaction with the testing apparatus (Figure  1 a) . After a hold, when loading is restatted, shear stress increases to a maximum corresponding to the traditional definition of "static" friction. The difference between static friction and prehold sliding friction is taken as a measure of healing (Ag). For rock and simulated fault gouge Ag is typically in the range 0.002-0.02 for hold times (t h) of 10•-102 s, depending on loading rate [Marone, 1998a] (Figure 1 c) . In these tests healing is accompanied by both slip-and time-dependent processes, making it difficult to separate their effects [Beeler et al., 1994; Marone, 1998a] .
We have performed similar experiments on simulated fault gouge in a double-direct shear testing apparatus [see Marone, 1998b [1994] also carried out experiments on initially bare surfaces,/bcused on the origin of friction evolution. They varied the effective apparatus stiffness, which causes differences in the accumulated slip during holds, and found that the rate of healing was unchanged. Thus, their data for initially bare granite surfaces support Dieterich-type time-dependent healing. When the results of Beeler et al. [1994] and Nakatani and Mochizuki [1996] are combined with our zero-load SHS data, it is apparent that neither the Ruina nor Dieterich laws adequately describe frictional healing as a function of both th and xh,,• •.
The generality of this result as applied to other conditions of pressure, temperature, and chemical environment remains to be tested. However, from our previous work [Karner et al., 1997] we know that time dependent healing during true stationary contact has an important effect at hydrothermal conditions. As applied to earthquake faulting, our data suggest that time dependent processes may be important during the interseismic period, but that such mechanisms may be insufficient to produce healing in the spatio-temporal vicinity of a dynamic rupture where large, rapid variations in stress may destroy time-dependent healing effects. As dynamic, time-dependent healing has been shown to be a requirement for slip-pulse type rupture expansion in some cases [e.g. Perrin et al., 1995] it is important to further investigate these effects in laboratory experiments.
